This paper presents a simple analytical circuit-like model to study the transmission of electromagnetic waves through stacked twodimensional (2-D) conducting meshes. When possible the application of this methodology is very convenient since it provides a straightforward rationale to understand the physical mechanisms behind measured and computed transmission spectra of complex geometries. Also, the disposal of closed-form expressions for the circuit parameters makes the computation effort required by this approach almost negligible. The model is tested by proper comparison with previously obtained numerical and experimental results. The experimental results are explained in terms of the behavior of a finite number of strongly coupled Fabry-Pérot resonators. The number of transmission peaks within a transmission band is equal to the number of resonators. The approximate resonance frequencies of the first and last transmission peaks are obtained from the analysis of an infinite structure of periodically stacked resonators, along with the analytical expressions for the lower and upper limits of the pass-band based on the circuit model.
Introduction
The use of periodic structures to control electromagnetic wave propagation and energy distribution is nowadays a common practice in optics and microwaves research. Since the introduction of photonic band-gap structures (PBG's) by the end of 1980's [1, 2] , hundreds of papers have been published exploring the theoretical challenges and practical realizations of such kind of structures. Although most of the published papers dealt with 3-D periodic distributions of refraction index, 1-D periodic structures have also attracted a lot of interest in the optics community. The analysis of 1-D structures requires much less computational resources, while such structures still exhibit many of the salient features observed in 3-D photonic crystals. Moreover, 1-D periodic structures are interesting per se due to their practical applications in layered optical systems. For instance, although extremely thin metal layers are highly reflective at optical frequencies, the superposition of a number of these layers separated by optically thick transparent dielectric slabs has been shown to generate high transmissivity bands [3, 4] . Although Fabry-Pérot (FP) resonances can be invoked as the underlying mechanism behind this enhanced transmissivitty, it will be explained in this paper that PBG theory can also be used if the number of unit cells is large (each unit cell involves a thin metal film together with a thick dielectric slab). When the number of unit cells is finite, the transmission spectrum for each transmission band presents a number of peaks equal to the number of FP resonators that can be identified in the system. (Totally transparent bands without peaks have also been reported [5] , although that interesting case will not be considered in this paper). The highest frequency peak is associated with a low field density inside the metal films, while the lowest frequency peak corresponds to a situation where field inside the metal layers is relatively strong (the possibility of achieving field enhancement inside a nonlinear region using those stacked structures has been explored in [6] ). However, all these interesting properties are lost at lower frequencies, below a few dizaines of THz. This is because electromagnetic waves inside metals at optical frequencies exist in the form of evanescent waves (the real part of the permittivity of a metal at optical frequencies is relatively large and negative, the imaginary part being smaller or of the same order of magnitude). These evanescent waves provide the necessary coupling mechanism between successive dielectric layers (Fabry-Pérot resonators) separated by metal films. At lower frequencies, metals are characterized by their high conductivities (or equivalently, large imaginary dielectric constants), in such a way that almost perfect shielding is expected even for extremely thin films a few nanometers thick [7] . Therefore, the method reported in [3, 4, 6 ] cannot be used in practice to enhance transmission at microwave or millimeter-wave frequencies.
However, the authors have recently proposed physical systems that mimic the observed behavior of stacked metal-dielectric layers at optical frequencies, but in the microwave region of the spectrum [8, 9] . In these systems, the metal films found in optical experiments are substituted by perforated metal layers (2-D metallic meshes). The resulting metal-dielectric stacked structure is shown in Fig. 1 . In this work, the period of the distribution of square holes and the holes themselves are small in comparison with the free-space wavelength of the radiation used in the experiments and simulations. Since we operate in the non-diffracting regime, surface waves cannot be diffractively excited to induce enhanced transmission phenomena such as those reported in [10] . Due to the small electrical size of the lattice constant of the mesh, very poor transmission is expected for every single grid, alike the metallic films of the above mentioned optical systems. However, the grid provides a mechanism for excitation of evanescent fields. If the operation frequency is low enough, as it is the case considered in this letter, the evanescent fields are predominantly inductive (i.e., the magnetic energy stored in the reactive fields around the grid is higher than the electric energy). Therefore, the effective electromagnetic response of the mesh layer is similar to that of Drude metals in the visible regime. If a number of periodically perforated metallic screens is stacked as shown in Fig. 1 , the situation resembles the original optical problem previously discussed. The difference is that, in the microwave range, the reactive fields spread around the holes of the perforated screens while they are confined into the metallic films in the optical range. However, if the separation between successive metallic meshes is large enough (roughly speaking, larger than the periodicity of the mesh itself), evanescent fields generated at each grid do not reach the adjacent ones. In such situation a full analogy can be found between the stacked slabs in the optical system and the stacked meshes in the microwave system. Such analogy was confirmed through the experiments and finite-element simulations in [8] . However, periodic structures (with periodicity along the propagation direction or along the direction perpendicular to propagation) have been analyzed in the microwave and antennas literature for several decades using circuit models [11, 12] . Indeed, problems closely related to the one treated in this work have been analyzed following the circuit approach in [13, 14] , for instance. More recently, 2-D periodic high-impedance surfaces have also been analyzed following the circuit-theory approach [15] ). Even the extraordinary transmission phenomena observed through perforated metal films (which are associated with the resonant excitation of bound surface waves [10] ) have been explained in terms of circuit analogs with surprisingly accurate results [16, 17] . Since circuit models provide a very simple picture of the physical situation and demand negligible computational resources, we will explore these advantanges to explain the behavior of stacked grids. However, it should be mentioned that the use of that circuit modeling can also be used at optical frequencies. For instance, the functionality of inductors, capacitors or resistors can be implemented at optical frequencies using plasmonic and non plasmonic nanoparticles [18] . Complex electrical responses, such as those of filters of different types, can be achieved using the behavior of metals at optical frequencies and suitable geometries [19] . As it will be explained later, the concepts introduced in [18, 19] together with the theory in this paper can explain the results reported in [4] . This is due to the similar physical responses of the inductive loading provided by the subwavelength grids in [8] and the negative permittivity of the metal films in [4] .
In this paper, our first goal here is to show how a circuit model, whose parameters are analytically known, reasonably accounts for the experimental and numerical results reported in [8] . As stated above, this methodology is a common practice in microwave engineering and the reader can find a systematic and elegant description in a relatively recent book by S. Tretyakov [20] . Apart from avoiding lengthy and cumbersome computations, the circuit modeling provides additional physical insight and, most importantly, a methodology to design devices based on the physical phenomena described by the model. The circuit approach is also used to extract some general features of the transmission frequency bands through the analysis of an infinite structure with periodically stacked unit cells along the direction of propagation. The relation between the finite and the infinite structures is studied in the light of the equivalent circuit modeling technique. 
Stacked grids and unit cell model
An example of the kind of structures analyzed in this paper is given in Fig. 1 . The system is composed by a set of stacked metallic grids printed on dielectric slabs. This is the multilayered structure fabricated and measured by some of the authors of this paper in [8] . Five copper grids, printed on a low-loss dielectric substrate using a conventional photo-etching process, are stacked to produce an electrically thick block, whose transmission characteristics at microwave frequencies are the subject of this study. The copper cladding thickness is t m = 18 μm, and the thickness of each of the low-loss dielectric slabs (Nelco NX9255) separating copper meshes is t d = 6.35 mm. The relative permittivity of the dielectric material is ε r ≈ 3. The loss tangent used in our simulations is tan δ = 0.0018. The lattice constant of the grid is λ g = 5.0 mm, and the side length of square holes is w h = 4.85 mm (thus the metallic strips conforming the mesh are w m = 0.15 mm wide). When a y-polarized (or x-polarized wave) uniform transverse electromagnetic plane wave normally impinges on the structure, the fields are identical for each of the unit cells of the 2-D periodic system. Taking into consideration the symmetry of the unit cell and the polarization of the impinging electric field, a single unit cell such as that shown in Fig. 2 can be used in the analysis. Thus, we have a number of uniform sections equivalent to parallel-plate waveguides, filled with air or with the above mentioned dielectric material, separated by diaphragm discontinuities. This is a typical waveguide problem with discontinuities, as those commonly considered in microwave engineering practice [11] . Since a single transverse electromagnetic (TEM) mode is assumed to propagate along the uniform waveguide sections (higher-order modes operate below their cutoff frequencies, or equivalently, it is assumed a non-diffacting regime), the circuit model shown in Fig. 2(b) gives an appropriate description of the physical system in Fig. 2(a) . The shunt reactances in this circuit account for the effect of the below-cutoff higher-order modes scattered by each of the discontinuities. This model is valid provided the attenuation factor of the first higher-order mode generated at the discontinuities is large enough to ensure the interaction between successive discontinuities through higher-order modes can be neglected. The first higher-order modes that can be excited by the highly symmetrical holes under study are the TM 02 and TE 20 parallel-plate waveguide modes (TM/TE stands for transverse magnetic/electric to the propagation direction). The cutoff wavelength for these modes is λ c = λ g . The attenuation factor for frequencies not too close to cutoff ( f c ≈ 60 GHz for the air-filled waveguides and 34.7 GHz for the dielectric-filled sections) is α TM 02 = α TE 20 ≈ 2π/( √ ε r λ g ). Since λ g = 5.0 mm and the separation between the perforated screens is 6.35 mm, the amplitude of the higher-order modes excited by each discontinuity at the plane of adjacent discontinuities is clearly negligible. Thus, the simple circuit in Fig. 2(b) should be physically suitable for our purposes as long as the interaction between adjacent diaphragms takes place, exclusively, through the transverse electromagnetic waves represented by the transmission line sections. The parameters of the transmission lines in Fig. 2(b) , propagation constants (β 0 for air-filled sections and β d for dielectric-filled sections) and characteristic impedances (Z 0 and Z d ), are known in closed form. The expressions for those parameters are
where ω is the angular frequency and c the speed of light in vacuum. Note that, due to losses, Z d and β d are complex quantities with small (low-loss regime) but non-vanishing imaginary parts. Unfortunately, no exact closed-form expressions are available for the reactive loads, Z g , in Fig. 2(b) . As mentioned before, these lumped elements account for the effect of below-cutoff higher-order modes excited at the mesh plane. A relatively sophisticated numerical code could be used to determine these parameters. In such case, however, no special advantage would be obtained from our circuit analog, apart from a different point of view and some additional physical insight. However, for those frequencies making the size of the unit cell, λ g , electrically small, accurate estimations for Z g are available in the literature. For w m λ g the grid mainly
behaves as an inductive load with the following impedance for normal incidence [15] :
where η 0 = μ 0 /ε 0 ≈ 377 Ω is the free-space impedance. Ohmic losses can also be taken into account using the surface resistance of the metal (copper), since the skin effect penetration depth, δ s = 2/(ωμ 0 σ ), is much smaller than the thickness of the metal strips in our case. This resistance, series connected with the inductance in (3), is given by R g = λ g /(σ w m δ s ).
Since the formulas for Z g are not exact and the model has some limitations (for instance, the unit cell has to be electrically small enough), the predictions of our model must be checked against experimental and/or numerical results. This will be done in the forthcoming section.
Comparison with numerical and experimental data
As a first test for our model, in Fig. 3 we compare its predictions with the numerical and experimental results reported in [8] for the transmissivity of the five stacked grids studied in that paper. Experimental, numerical (simulations based on the finite elements method implemented into the commercial code [21] ), and analytical (circuit-model predictions) results are included in this figure. We can clearly appreciate how two bands, consisting of two groups of four transmission peaks separated by a deep stop band, are predicted by the present analytical model, in agreement with the experimental results in [8] (no HFSS simulations were reported for the second band in that paper). In the frequency range where the metal mesh is reasonably expected to behave as a purely inductive grid (well below the onset of the first higher-order mode in the dielectric-filled sections, at approximately 34.7 GHz for the dielectric material and cell dimensions involved in this example), the quantitative agreement between analytical and experimental/numerical data is very good. The quality of the analytical results, however, deteriorates when the frequency increases (second band). A possible explanation for the disagreement is that the inductive model is not expected to capture the behavior of the near field around the strip wires at the higher frequencies of the second transmission band (it can be conjectured that capacitive effects cannot be ignored at high frequencies). Indeed, the effect of adding a small shunt capacitance would be to slightly shift the peaks to lower frequencies, thus improving the qualitative matching to experimental results. Unfortunately, no closed form expression has been found for that capacitance. On the other hand, dielectric losses at that frequency region appears to be higher than expected from the loss tangent used in the circuit simulation (nominal value for the commercial substrate). Likely, loss tangent of the dielectric slab is much higher than supposed, in such a way that the height of transmission peaks could be adequately predicted wiht our model provided the true loss tangent is used in the simulation. In spite of these quantitative discrepancies affecting the high frequency portion of the transmission spectrum, reasonable qualitative agreement can still be observed even in the second transmission band (four transmission peaks distributed along, approximately, the same frequency range for the analytical model and measured data). This is because the model in Fig. 2 is still valid at those frequencies, except for the effects above mentioned (Z g should be different and losses higher). Nevertheless, the essential fact is not modified: we have four FP cavities strongly coupled through the square holes of each grid; i.e., four transmission line sections separated by predominantly reactive impedances. Note that this point of view is somewhat different and alternative to that sustained in [8] , which is based on the interaction between the standing waves along the dielectric regions and the evanescent waves in the grid region, although compatible with it. The difference is that the evanescent fields are not considered to be exclusively confined to the interior of the holes (which are regarded in [8] as very short sections of square waveguides operating below cutoff or, equivalently, as imaginary-index regions). The reactive fields yielding the reactive load, Z g , are now considered to extend over a certain distance, from the position of each grid, inside the dielectrics. Under the present point of view, the thicknesses of the grids are not relevant if they are sufficiently small, and they can be considered zero for practical purposes. It is worth mentioning that the circuit model developed for the present microwave structure could also be applied to study the stacked slabs reported in [4] . The reason is that the narrow metal films having negative permittivity are expected to behave as lumped inductors following the theory in [18, 19] . Note that the model in this paper should be modified (and the transmission spectrum would be different too) if the distance between grids were much smaller than considered. In such case the interaction due to higher order modes should be incorporated in the model, but this is not a trivial task and it is beyond the scope of the present paper. However, this problem would not affect to the optical structure analyzed in [4] because in that structure only TEM waves are excited at the interfaces between metal films and dielectric slabs, and they can be taken into account in closed form. This is an important simplifying difference with respect to the problem treated in this paper.
Field distributions for the resonance frequencies
It is important to verify if the field distribution predicted by the circuit model agrees with that provided by numerical simulations based on HFSS. Being a 3-D finite element method solver, HFSS gives information about the fields at any point within the unit cell of the structure. Certainly this is beyond the possibilities of a one-dimensional circuit model. However, the circuit model can give information about the line integral of the field along any line going from the top to the bottom metal plates of each of the parallel-plate waveguides for each particular value of z (i.e., voltage or, conversely, average value of the electric field). Thus, the comparison between circuit model and HFSS results can easily be carried out because our average values of electric field can be compared, after proper normalization, with the values reported in [8] for the field along a line plotted in the z-direction through the center of a hole. It is worthwhile to consider how each of the four resonance modes in the first high transmissivity frequency band (labeled as A, B, C, and D in Fig. 3 ) is associated with a specific field pattern along the propagation direction (z). The results for these field distributions are plotted in Fig. 4 . The first obvious conclusion is that the circuit model, once again, captures the most salient details of the physics of the problem, with the advantage of requiring negligible computational resources. Slight differences can be appreciated around the grid positions because, in a close proximity to the grids, HFSS provides results for the near field (which plays the role of the microscopic field in the continuous medium approach) while the analytical model gives a macroscopic field described by the transverse electromagnetic waves. Microscopic and macroscopic fields averaged over the lattice period are comparable for sub-wavelength grids considered in this paper. Nevertheless, with independence of the model (numerical or analytical), we can see how the field values near and over each of the three internal grids are meaningfully different for each of the considered resonance (high transmission) frequencies. The field values are relatively small over each of those internal grids for mode D. For mode C we have two grids with low field levels, and for mode B only the central grid has low values of electric field. Finally, none of the internal grids have low electric field values for mode A. The effect of an imaginary impedance at the end of a transmission line section with a significant voltage excitation is to increase the apparent (or equivalent) length of that section, as it has been explained in detail in [17] for a different system having a similar equivalent circuit (resonant slits in a metal screen). The above reason explains why the resonance frequencies of the modes with more highly excited discontinuities have smaller resonance frequency. In general, this discussion is compatible with that given in [8] about the distribution of peaks. However, some further details can be clarified using the circuit model; for instance, those concerning the positions of the first and last resonance and the parameters these two limits depend on. Quantitative details about the range of values where the transmission peaks should be expected will be given in the following section.
Stacked grids with a large number of layers
In the previous section, a five-grid structure supported by four dielectric slabs has been shown to exhibit four FP-like resonances corresponding to the four coupled FP resonators formed by the reactively-loaded dielectric slabs. We have demonstrated that the circuit model gives a very good quantitative account of the first transmission band, while results are qualitatively correct but quantitatively poor when the frequency increases (second and further bands). We have also mentioned that the highest-frequency peak should not be far from the resonance frequency corresponding to a single slab being half-wavelength thick, in agreement with the theory reported in [8] . This is the practical consequence of the observation of field patterns for the last resonant mode within the first band. However, this is an a posteriori conclusion. Moreover, no clear theory has been provided for the position of the first resonance (or, equivalently, for the bandwidth of the first transmission band), which seems to be closely related to the geometry of the grids. The application of our model to structures having a large number of slabs (cells along the z-direction) can shed some light on the problem. Thus, for instance, we have verified that the behavior of the field distributions for any number of slabs follows patterns similar to those obtained for the four-slab structure. In particular, the field pattern for the first and last resonance peaks has the same qualitative behavior shown for modes A and D of the four-slab structure. We can say that the phase shift from cell to cell along the z-direction is close to zero for the first mode and close to π for the last mode (with intermediate values for all the other peaks). As an example, the field patterns for the first and last resonance modes within the first transmission band of a nine-slab structure (with 10 grids) is provided in Fig. 5 . It is remarkable the similarity of these plots with the field distributions reported in [4, Fig. 4 ] for a stacked metal/dielectric system operating at optical wavelengths. As the number of identical layers is increased, the number of transmission peaks also increases (there are as many peaks as slabs) but all the peaks lie within a characteristic frequency band whose limits are given by the electrical parameters and dimensions of the unit cell. For instance, the values of the first and last resonance frequencies are tabulated in Table 1 stacked layers increases. Moreover, the resonance frequency of a single slab without considering any grid load is 13.62 GHz for the materials and thicknesses used to compute the values in Table 1 . It suggests that the upper limit could be given by that frequency. However, the meaning of the limit value of f LB (6.380 GHz) is not clear. In the following we propose an easy explanation for both the lower and upper limits.
The structure with a large number of cells has a large number of resonances within a finite band. In the limit case of an infinite number of cells, instead of resonances we should have a continuous transmission band, out of which propagation is not possible (forbidden regions). This is expected from the solution of the wave equation in any periodic system. This kind of periodic structures represented by means of circuit elements are commonly analyzed in textbooks of microwave engineering (see, for instance, [22] ). The unit cell of the infinite periodic structure resulting of making infinite the number of slabs of our problem is shown in Fig. 2(c) . If, for simplicity, losses are ignored in the forthcoming discussion and the propagation factor for the Bloch wave is written as γ = α + jβ , the following dispersion equation of the periodic structure is obtained following the method reported in [20, 22] :
where k d = ω √ ε r /c. For those frequencies making the RHS of (4) greater than -1 and smaller than +1, the solution for γ is purely imaginary (γ = jβ ) as it corresponds to propagating waves in a transmission band. For other frequency values the solution for γ is real, thus giving place to evanescent waves (forbidden propagation or band gaps). For a given transmission band the upper limit is given by the condition
which is fulfilled by βt d = π (α = 0), namely, a phase shift of π radians in the unit cell. The frequency at which this condition appears is given by cos(
, which corresponds to the frequency of resonance of a single slab without grid,
This condition is fully consistent with our previous observation in the finite structure of an upper-band limit governed mostly by the thickness of the dielectric slab with no influence of the grid and with a phase shift of the field of π between adjacent layers. On the other hand, the lower limit is given by the condition
The condition cosh(γt d ) = 1 is trivially satisfied by γt d = 0, (β = α = 0); namely, a null phase shift in the unit cell, which is in agreement with our previous observation for the field pattern of the lowest-frequency peak. The frequency where the above condition appears clearly depends on the specific value of the grid impedance, Z g . Solving the dispersion Eq. (4) we can obtain the Brillouin diagram for any desired band. This has been done in Fig. 6 for the first transmission band of the structure under study, which occurs at low frequencies within the limits of homogenization of the proposed circuit model. Numerical results obtained via commercial software CST [23] have been superimposed to verify the validity of the analytical data. It is clear that the lower limit of the calculated transmission band coincides with the first resonance frequency of the finite structures when the number of cells is large enough. Thus, the range of frequencies where the peaks are expected for a finite stacked structure can be analytically and accurately estimated from Bloch analysis [22] using the proposed circuit model. In particular, the influence of the grid impedance on the lower limit of the transmission band can be obtained from this analysis. The same model explains why the upper limit is solely controlled by the thickness of the slabs. Thus, our analysis gives satisfactory qualitative and quantitative answers to our initial question of what controls the limits of the transmission band. It is worth mentioning here that the second band (or any higher-order band) is not just the second harmonic of the first one: a Bloch wave analysis must be carried out to obtain the actual limits. However, for higher-order transmission bands, the inductive grid could be a poor model that should be corrected by a more accurate value of the loading grid impedance. However, this simple analysis cannot be extended beyond the frequency range where multimode operation arises in the parallel-plate waveguides connecting the grids. In such case the simple transmission line with characteristic impedance Z d would not be enough to account for the complex higher-order modal interactions between adjacent grids. Fortunately, the frequency region where the model proposed in this paper works properly turns out to be the most interesting region for practical purposes, provided that non-diffracting operation is required (i.e., if higher-order grating lobes are precluded). Table 1 . Numerical results were generated using the commercial software CST [23] .
Conclusion
This work has shown that the study of the wave propagation along stacked metallic grids separated by dielectric slabs can be carried out analytically with negligible computational effort making use of a simple circuit model. The circuit model remains valid even at frequencies for which the closed-form expressions that account for the influence of the grids are not valid; although in such a case better estimations of grid impedances are required. The main characteristics of the transmission bands (frequencies of the lower and upper resonances) are directly related to the behavior of the infinite 1-D periodic photonic crystal resulting from the use of an infinite number of unit cells. In this case the transmission bands and the band-gaps are accurately determined by means of circuit concepts and textbook analysis methods. The model is valid in the non-diffracting frequency region, far apart from the onset of the first grating lobe.
